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Abstract 9 
This study focuses on an Egesen-stadial moraine located at 1906-1920 m asl in the NE Maritime Alps, 10 
Europe. Three moraine boulders are dated, via cosmogenic isotope analyses, to 12,490 ± 1120, 12,260 11 
± 1220 and 13,840 ± 1240 yr, an age compatible with the Younger Dryas cooling event. The 12 
reconstructed glacier that deposited the moraine has an equilibrium line altitude of 2349 ± 5 m asl, 13 
calculated with an Accumulation Area Balance Ratio of 1.6. The result is very similar to the equilibrium 14 
line altitude of another reconstructed glacier that deposited a moraine also dated to Younger Dryas, 15 
in the SW Maritime Alps. The similarity suggests comparable climatic conditions across the region 16 
during the cooling event. The Younger Dryas palaeoprecipitation is 1549 ±26 mm/yr, calculated using 17 
the empirical law that links precipitation and temperature at a glacier equilibrium line altitude, with 18 
palaeotemperatures obtained from nearby palynological and chironomids studies. The 19 
palaeoprecipitation is similar to the present, thus indicating non-arid conditions during the Younger 20 
Dryas. This is probably due to the Maritime Alps peculiar position, at the crossroads between air 21 
masses from the Mediterranean and the North Atlantic, the latter displaced by the southward 22 
migration of the polar front. The equilibrium line altitude interval defined by the two reconstructed 23 
glaciers, is used to model the extent of another 66 potential Younger Dryas glaciers in the region. Each 24 
modelled glacier is reconstructed by iteratively changing the position of its front until the 25 
reconstructed glacier has an ELA that falls within the interval. The result, which is checked against 26 
geomorphological evidence, shows that glaciers covered 83.74 km2 during the Younger Dryas, with a 27 
volume of 5.39 km3. All valley heads were occupied by ice, except for the Maddalena/Larche Pass 28 
(1999 m asl), an ideal site for future archaeological, palaeoecological and palaeozoological studies. 29 
 30 
 31 
1. Introduction 32 
The Younger Dryas (YD) is the most recent time in our planet’s history during which a cooling 33 
of the order of some degrees affected a large portion of the Earth, triggered by several climatic 34 
processes (Renssen et al., 2015). It occurred at the end of the last glacial period, between 12.9 and 35 
11.7 kyr (e.g. Johnsen et al., 2001; Broecker et al, 2010). The critical assemblage of several sources has 36 
suggested that the cooling magnitude of this event was of the order of 2-8° C in the Northern 37 
Hemisphere (Shakun and Carlson, 2010), with variations likely controlled by local climatic factors. One 38 
of the most evident effects of the YD cooling on the Earth’s surface is the widespread advancement 39 
of alpine glaciers and the deposition of moraines. The lack of post-YD cooling events of similar or larger 40 
magnitude, means that YD moraines are usually well preserved, as they have not been destroyed or 41 
remoulded by the overriding of later glacier advances. Indeed, moraines dated back to the YD can be 42 
found in many alpine regions worldwide (Ehlers and Gibbard, 2004). The European Alps are one of the 43 
first regions where YD moraines have been identified and dated. Here, moraines belonging to the 44 
Alpine glacier advance (or chronology stadial) known as the Egesen stadial have been recognised and 45 
studied for a long time (e.g. Heuberger, 1968; Patzelt, 1972). The age of the Egesen moraines has been 46 
attributed to the YD, initially via morphotratigraphic reconstructions and, in recent decades, by means 47 
of cosmogenic isotope nuclide dating techniques (e.g. Ivy-Ochs et al., 1996; 2009). 48 
Frontal (terminal) moraines are the essential ingredient for the reconstruction of former 49 
Alpine glaciers, as they indicate the furthest downvalley position (limit or margin) of the glacier. 50 
Models can be applied to reconstruct the full extent of palaeo glaciers, given the location of a frontal 51 
moraine and the present-day topography, assuming the latter has not undergone intense post-glacial 52 
modifications (e.g. Benn and Hulton, 2010). The ice surface distribution per elevation (hypsometry) of 53 
reconstructed glaciers can then be used to extract a palaeo Equilibrium Line Altitude (ELA), the 54 
elevation on a glacier where ice ablation and accumulation are equal (Osmaston, 2005). Modern 55 
glacier ELAs have been empirically demonstrated to relate to climate, precipitation and temperature 56 
in particular (e.g. Ohmura et al., 1992). Thus, a palaeo ELA obtained from a glacier reconstruction 57 
based on a dated glacial deposit can be used to infer the climatic conditions at the time of deposition 58 
of the moraine (e.g. Hughes et al., 2007). 59 
In order to fully analyse the palaeogeography of an alpine region and to quantify palaeo ice 60 
extent and volume at a specific time, ideally all palaeoglaciers occupying the region at that time should 61 
be reconstructed. Examples of region-wide glaciers reconstruction in alpine contexts exist, but are 62 
usually limited to large ice caps and ice fields modelling exercises, more or less constrained by terrain 63 
evidence (e.g. for the last glacial cycle in the Alps: Seguinot et al., 2018; for the LGM in the Alps: 64 
Florineth and Schlüchter, 1998; Bini et al., 2009; Ehlers and Gibbard, 2004; for the YD in Scotland: 65 
Golledge et al., 2008; Boston et al., 2015). Regional model reconstructions are useful not only to gain 66 
insight into the glaciological response to past climate changes but also to understand human activities 67 
and behaviours (migrations, trading, land reclamation etc.) (e.g. Catto et al., 1996; Meyer et al., 2009; 68 
Ravazzi et al., 2007; Serrano et al., 2015), as well as fauna and flora dynamics (e.g. extinctions, glacial 69 
refugia, etc.) (e.g. Badino et al., 2018; Casazza et al., 2016; Garnier et al., 2004; Schönswetter et al., 70 
2005; Schorr et al., 2013; Stehlik, 2003). They also provide essential information to explain changes or 71 
hiatuses in other palaeoclimate proxies, for example in alpine lake deposits and speleothems (e.g. 72 
Spotl and Mangini, 2007; van der Bilt et al., 2018; Isola et al., 2019). 73 
Here, we present an Egesen moraine in the Maritime Alps (southwestern-most European Alps) 74 
dated to the YD by means of cosmogenic isotope analyses. We reconstruct the extent of the glacier 75 
that deposited the moraine and we calculate its ELA. The result is combined with the ELA of another, 76 
already reconstructed glacier, which deposited the YD-dated Pian del Praiet (PDP) moraine (Federici 77 
et al., 2008), located some 40 km ESE, to define a regional YD ELA for the Maritime Alps. This is used 78 
to extract the palaeoclimate conditions of the region at the YD and to reconstruct all potential YD 79 
glaciers (66) in one of the main valley systems of this Alpine sector. 80 
 81 
 82 
2. Regional context 83 
The Maritime Alps are the southernmost (latitude of 43.9-44.4° N; longitude of 6.9-7.6° E) 84 
portion of the European Alps, very close (40-60 km) to the Mediterranean Sea (hence the term 85 
“Maritime”) and yet with elevations exceeding 3000 m asl (Figure 1). They are drained by four rivers, 86 
which give name to the four main valleys of the region. These are the Tinée, Vesubié, Gesso and Stura 87 
(di Demonte) rivers. The first two are located on the southwestern side of the Maritime Alps and drain 88 
southward to the Ligurian Sea, while the last two, located on the northeastern side, ultimately drain 89 
eastward, into the Po River and the Adriatic Sea. The Maritime Alps have been extensively glaciated 90 
during Marine Isotope Stage 2, in line with the global Last Glacial Maximum (26-19 kyr) (Clark et al., 91 
2009; Shakun and Carlson, 2010; Hughes et al., 2013), when glaciers covered all main valleys and 92 
extended towards, but did not reach, the Po Plain (Italy) to the north and the coast near Nice (France) 93 
to the south (Bigot-Cormier et al., 2005; Federici et al., 2012). While a number of moraines mapped in 94 
the Maritime Alps have been hypothesised to belong to the Late Pleistocene (Federici et al., 2003), 95 
only PDP moraine, located in the Gesso catchment, has so far been dated to the YD event (average 96 
age of 13.2 ± 0.9 kyr) (Federici et al., 2008; 2017). 97 
Present-day precipitations are bimodal, with peaks in spring and autumn, and are generally 98 
lower than in the nearby northern Apennines and the rest of the Alps (Isotta et al., 2014). 99 
Temperatures are unimodal with a summer peak, and generally higher than in other, nearby Alpine 100 
regions (Durand et al., 2009). Differences exist across the main divide, with the southern side of the 101 
Maritime Alps generally characterised by warmer temperatures than in the northern side (Auer et al., 102 
2007). However, within the studied region of interest, which lies entirely in the norther sector, similar 103 
present-day climate conditions exist. This work focuses on the Stura catchment (Figure 1), one of the 104 
largest in the southwestern Alps, comprising dozens of Alpine glacial valleys (currently ice-free), 105 
covering an area of 615 km2. The southern sector of the Stura catchment is generally characterised by 106 
the crystalline rocks of the Argentera Massif, while its northern sector is made of sedimentary and 107 
metasedimentary rock units (Malaroda et al., 1970). Tectonics has played a key control function on 108 
the geometry development of these valleys (Ribolini, 2000; Musumeci et al., 2003, Ribolini and 109 
Spagnolo, 2008). The dated moraine presented in this paper is in the Forneris Valley (Figure 1), in the 110 
northern sector of the Stura catchment, at an elevation of 1908-1922 m asl. The upper valley, 3-3.5 111 
km from the moraine, is characterised by peaks reaching >2700 m asl and comprises four glacial 112 
cirques and a number of rock glaciers and glacial deposits. The specific lithology of the Forneris Valley 113 
comprises high-grade schist, migmatite and quartzite rocks (Malaroda et al., 1970). 114 
 115 
 116 
Figure 1. An overview of the Maritime Alps and the Stura catchment within it (outlined in black). The location of 117 
the two moraines discussed in the text, PDP and FER (the latter in the Forneris Valley), is indicated, as well as 118 
that of the chironomid site of Lago Piccolo di Avigliana (“Avigliana” in the figure), the pollen site of Laghi 119 
dell’Orgials (“Orgials”), and the present-day weather station of the Diga del Chiotas (“Chiotas”). The cities of 120 
Nice and Cuneo are shown to provide geographical references. The Mediterranean Sea is evidenced in light blue. 121 
 122 
3. Methods 123 
3.1 Chronology 124 
The Ferrere (FER) moraine is located in the Forneris Valley, Stura catchment, near the village 125 
of Ferrere (Figure 1). A total of 10 samples were collected from the moraine during two field 126 
campaigns in 2011 and 2013. The <3-cm-thick samples were collected with hammer and chisel from 127 
the upper, gently-sloping or horizontal, surface of large gneiss boulders located along the moraine 128 
crest and emerging more than 1.5 m above the ground (Table 1 and Figure 2). Samples were crushed 129 
and quartz grains extracted by using the standard 10Be cosmogenic isotope analysis procedure (Kohl 130 
and Nishizumi, 1992). Only 3 of the 10 samples revealed enough quartz of the right grain size for the 131 
content of the isotope 10Be to be measured. Measurements took place at the Natural Environment 132 
Research Council - Cosmogenic Isotope Analysis Facility in the UK, with the use of the 2.79 10-11 133 
10Be/9Be of Nishiizumi et al. (2007) for NIST 206 SRM4325 (NIST_27900 standardisation code, 134 
equivalent to 07KNSTD). Reported exposure ages are calculated with the CRONUS-earth online 135 
calculator version 2.3, using a default calibration data set and the time-independent Lal/Stone 136 
spallation scheme. 137 
 138 
3.2 Glacial reconstruction and ELA calculation 139 
Glacier reconstructions in this paper are based on the application of a dedicated GIS tool, 140 
“GlaRe” (Pellitero et al., 2016). The tool creates a 3D glacier surface based on the lateral interpolation 141 
of a 2D glacier equilibrium profile, which is calculated by using a plastic rheology glacier model along 142 
a user-defined flowline(s) (Benn and Hulton, 2010; Paterson, 1994, p.240; Shilling and Hollin, 1981). 143 
Glaciers are reconstructed by extrapolating the ice thickness along the defined flowlines every 5 m, 144 
and by applying a default shear stress of 100 kPa. Shape (F) factors (usually between 1 and 5), 145 
accounting for the width of the glacial valley, are also included where appropriate, i.e. at different 146 
points of valley narrowing. For each reconstructed glacier, the final GlaRe output is a 3D glacier terrain 147 
model, which is obtained by interpolating sideways the ice thickness calculated along the flowlines, 148 
using a “TOPOtoRASTER” interpolation approach (Pellitero et al., 2016). The reconstructed 3D glacier 149 
terrain model is then used to extract the ELA of the glacier, through a separate GIS tool (Pellitero et 150 
al., 2015). While the tool allows for most ELA calculation techniques to be implemented, for the sake 151 
of consistency all our ELA calculations are based on the same technique, that of the Accumulation 152 
Area Balance Ratio (AABR) (Furbish and Andrews, 1984), with an AABR value of 1.6, as recommended 153 
for the Alps (Rea; 2009). AABR is considered one of the most robust techniques because it takes into 154 
consideration both the hypsometry of the glacier surface (Osmaston, 2005) and the mass balance 155 
gradients (Benn and Lehmkuhl, 2000). A contour interval of 10 m is set for the calculation of the glacier 156 
surface area, meaning that all extrapolated ELA values have an associated calculation interval of ± 5 157 
m (Pellitero et al., 2015). 158 
A regional YD ELA interval is defined, based on the two ELAs values relative to glaciers that 159 
deposited moraines dated to the YD (PDP and FER) in the Maritime Alps. The YD PDP moraine (Federici 160 
et al., 2008) is located ~40 km to the SE of the FER moraine (Figure 1). The YD ELA interval is then used 161 
to model the extent of all Stura catchment potential YD glaciers, which are largely located between 162 
the two dated moraines (Figure 1). The modelled reconstruction is based on the application of the GIS 163 
GlaRe and ELA tools (Pellitero et al., 2015, 2016) to all Stura glacial valleys. For each valley the tools 164 
are run multiple times, iteratively moving up- or down-valley the hypothetical position of a glacier 165 
front, until the reconstructed glacier returns an ELA value that fits within the defined regional YD ELA 166 
interval. The approach is similar to that of Rea and Evans (2007) but is improved by the employment 167 
of the GIS tools. The modelled position of the glaciers front was checked against evidence of frontal 168 
moraines and glacial deposits from field observations, Quaternary information included in geological 169 
maps (Malaroda et al., 1970) and remote sensing (Google EarthTM). 170 
 171 
3.3 Palaeoclimatology 172 
The climatological study is focused on the extraction of palaeoprecipitation at the YD ELA 173 
(average of the two ELAs obtained from the reconstructed glaciers that deposited moraines dated 174 
back to the YD in the Maritime Alps). This study is based on the empirical law connecting annual 175 
precipitation (Pann in mm) and mean air temperature during the melting period (the summer in our 176 
case, Tmelt) at the ELA, following the equation Pann = 5.87 Tmelt 2 + 230 Tmelt + 966 (Ohmura and Boettcher, 177 
2018). The temperature of the hottest month (TJul) for the YD in the region is sourced from 178 
chironomids (midges), a fossil palaeotemperature proxy commonly found in freshwater lake deposits. 179 
The chironomid series closest to the Maritime Alps and covering the YD period is found 95 km to the 180 
north, at Lago Piccolo di Avigliana (45.0549°N, 7.3919°E; 365 m asl) (Larocque and Finsinger, 2008). At 181 
this site, the average YD TJul is 16.3°C. In order to adjust this value to the elevation of the YD average 182 
ELA we apply the present-day global lapse rate (6.5°C / 1km). While TJul is a good proxy for the 183 
maximum monthly temperature and is very close to Tmelt, for a precise calculation of the latter, TJun 184 
and TAug also need to be taken into account and the temperature of the three months averaged. This 185 
is achieved here by fitting a sine curve to the value of TJul and to the minimum monthly temperature 186 
(TJan) (Brugger, 2006; Hughes and Braithwaite, 2008). The latter is obtained from a pollen study 187 
conducted in one of the many lakes of the Stura catchment, the Orgials Lake, at 2240 m asl (Figure 1) 188 
(Ortu et al., 2008). The average YD TJan for this site is -16.9°C, which is adjusted to the elevation of the 189 
calculated YD ELA by using the standard lapse rate of 6.5°C / 1km. An attempt was also made to 190 
calculate Tmelt with a different approach, based on a combination of the same chironomid data 191 
mentioned above and sea surface temperatures measured in northern Sicily (Cacho et al., 2001) and 192 
adjusted for the latitude and altitude of the ELA. However, the result is very similar to that obtained 193 
when combining chironomids with pollen data and, for the sake of clarity, we prefer to focus on the 194 
latter, which is based on proxies collected within or relatively close to the region of study.  195 
In order to put the reconstructed YD palaeoclimate into context, we compare our calculation 196 
with present day measurements from a site within the Maritime Alps characterised by an elevation 197 
relatively close to the YD average ELA, namely the Diga del Chiotas weather station, which is at 1980 198 
m asl (Figure 1). Total annual precipitation, as well as January, July and summer (June-August) 199 
temperatures are averaged from 2001 to 2018 measurements. The measured temperatures are 200 
adjusted to the elevation of the calculated YD ELA by applying the standard lapse rate of 6.5°C / 1km.           201 
                                     202 
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 204 
    205 
 206 
Figure 2   An overview of the Ferrere moraine and of the Forneris glacier: (a) Val Forneris and Ferrere moraine 207 
in the foreground; (b) FER3 sampled boulder on the crest of the moraine (notice one of us over its top for scale); 208 
(c) geomorphological map of the Ferrere moraine and surroundings, with indication of the position of the three 209 
dated boulder samples; (d) reconstructed YD Forneris glacier that deposited the Ferrere moraine and the 210 
calculated YD ELA (thick red line) obtained by using the AABR technique.  211 
 212 
4. Results 213 
4.1 The Ferrere moraine and its age 214 
FER is mainly composed of diamicton, with small (cms to dms) blocks immersed in abundant 215 
fine sediments. However, the most distinct trait of FER is the presence of a few, very large, angular 216 
blocks, with dimensions of up to 8 meters (Figure 2a, b). The blocks stand out of the ground and are 217 
aligned for about 350 m following a classic arcuate shape, typical of many marginal moraines. The 218 
frontal moraine deposit has clearly acted as a barrier to the natural flow of the main river, which now 219 
cuts the moraine into two halves. The relatively flat area right upvalley from the moraine is therefore 220 
characterised by a mixture of diamicton and fluvial sediments. The portion of other, less well 221 
preserved, lateral and frontal moraines exists in the immediate (~500 m) surroundings of FER (Figure 222 
2c), thus suggesting that multiple, most likely related to the same climatic event, glacier fluctuations 223 
(retreats and re-advances to a similar position) have occurred. 224 
The Ferrere moraine samples, FER1, FER3 and FER5, returned ages of 12,490 ± (external 225 
uncertainty, i.e. the sum of accelerator mass spectrometry measurement and production rate 226 
uncertainties) 1120 yr, 12,260 ± 1220 yr and 13,840 ± 1240 yr, respectively (Table 1). All three ages 227 
overlap in the 12,605-13,476 yr interval, with a weighted mean (± weighted standard deviation) of 228 
12,950 ± 700 yr (calculated with iceTEA, Jones et al., 2019), and are therefore compatible with the YD 229 
timeframe. The FER ages are also similar to those of the other Maritime Alps moraine (PDP) dated 230 
back to the YD, which returned an average age of 13,174 yr (Federici et al., 2017). 231 
 232 
233 
Table 1 Detail of the three boulder samples from the moraine near the village of Ferrere, in Val Forneris, 234 
including their 10Be concentration and exposure age. 235 
 236 
4.2 YD glaciers and ELA in the Maritime Alps 237 
Identification of the Ferrere moraine, along with other glacial features, allowed for the 238 
reconstruction of the glacier responsible for its deposition, called here the Forneris glacier after the 239 
name of the valley. The reconstructed YD Forneris glacier (Figure 2d) has a length of 3.6 km from its 240 
margin (at ~1906 m asl) to a point close to the valley divide (at ~2733 m asl), covering an elevation 241 
range of 827 m. The glacier surface is 3.89 km2 and its volume is 0.19 km3. The YD (AABR) ELA for the 242 
reconstructed Forneris glacier is 2349 ± 5 m asl. The ELA of the other Maritime Alps glacier with a 243 
moraine (PDP) dated to the YD, reconstructed with the same approach used here, is 2368 ± 5 m asl 244 
(Federici et al., 2017). The two ELAs define a Maritime Alps YD ELA interval of 2344-2373 m asl, with 245 
an average value of 2358 ± 15 m asl. The extent of 66 other potential YD glaciers was modelled across 246 
the Stura catchment by iteratively changing their frontal position until their ELA fell within the 2344-247 
2373 m asl interval (Figure 3 and Table 2). The area of the 66 glaciers ranges from 0.07 km2 (Lake 248 
Sauma glacier) to 5.99 km2 (Bernolfo glacier). Collectively, their area is 83.74 km2 and the volume is 249 
5.39 km3, equivalent to 4.94 Gt of water. 250 
 251 
Figure 3   The 66 reconstructed YD glaciers in the Stura catchment of the Maritime Alps. “FER” indicates the 252 
position of the Ferrere moraine, while “Maddalena” (or Larche) refers to the major ice-free pass across this 253 
sector of the Alps at the YD. 254 
 255 
4.3 Palaeo- and present-day climate at the Maritime Alps YD ELA 256 
The YD average TJul at 2358 ±15 m asl, the Maritime Alps YD ELA, calculated from the Lago 257 
Piccolo di Avigliana chironomid study (Larocque and Finsinger, 2008), is 3.3 ±1 °C. The YD average TJan, 258 
obtained from the Lago dell’Orgials pollen study (Ortu et al., 2008), is -17.7 ±0.1 °C, thus defining a 259 
seasonality (TJul - TJan) of 21.0 °C. With this, it is possible to estimate a Tmelt of 2.4 ±1 °C and a Pann of 260 
1549 ± 26 mm/yr, by applying a sine curve to model the monthly air temperature and the Ohmura and 261 
Boettcher (2018) equation.  262 
 263 
Table 2   Name, midpoint coordinates, area, volume and ELA of 66 reconstructed YD glaciers in the Stura 264 
catchment. The presence of a moraine, a rock glacier, or generic glacial deposit at the reconstructed glacier front 265 
is also noted. 266 
 267 
The present-day (2001-2018) precipitation at the nearby Diga del Chiotas weather station (1980 m asl, 268 
i.e. 378 m lower than the YD ELA) is 1487 mm/yr and the January, July and summer (June-August) 269 
temperatures are -1.7°C, 13.8°C and 12.8°C, respectively. These temperatures, when adjusted to the 270 
elevation of the YD average ELA using the standard lapse rate, return values of -2.8°C, 11.4°C and 271 
10.4°C respectively, with a seasonality of 14.2°C. 272 
 273 
5. Discussion 274 
Well-preserved moraines associated with the Egesen stadial, the last of the Lateglacial stadials 275 
in the European Alps, are common (Ivy Ochs et al., 2009). They are recognised as the first prominent, 276 
blocky, usually multi-crested moraine set that can be found downvalley from the Little Ice Age moraine 277 
(Ivy-Ochs, 2015). The FER moraine fits this description: it is the first moraine set that can be found 278 
(about 2 km) downvalley from the Holocene moraines in the Val Forneris; its aspect, characterised by 279 
very large boulders, resembles that of many other Alpine Egesen moraines (see Figure 4 in Hormes et 280 
al., 2008); the presence of nearby moraines, most likely connected to the same climatic event, is also 281 
a typical trait of the Egesen geomorphological signature across the Alps (Ivy Ochs, 2015). A handful of 282 
Egesen stadial moraines has so far been dated with cosmogenic isotope exposure dating techniques, 283 
all returning an age compatible with the YD (Baroni et al., 2017; Böhlert et al., 2011a; Cossart et al., 284 
2012; Federici et al., 2008; Hormes et al., 2008; Ivy-Ochs et al., 1996; 2006; 2009; Kelly et al., 2004; 285 
Moran et al., 2016; Schindelwig et al., 2012). The FER moraine, dated here to the YD, is an important 286 
addition to this sparse database. It provides further evidence that the Egesen stadial in the European 287 
Alps actually represents the glaciological and morphological expression of the YD cooling event. It also 288 
allows for the reconstruction of several potential YD/Egesen glaciers within its neighbourhood and its 289 
ELA can be used to extract YD climatic conditions in this sector of the Alps. 290 
 291 
5.1 Climate 292 
A proper comparison of ELA values across the Alps for the YD is beyond the scope of this work 293 
and would require a consistent reconstruction of all YD palaeoglaciers and the extraction of their ELA 294 
with a same approach. However, different ELA calculation approaches would typically account for ELA 295 
discrepancy of the order of some tens of meters, for alpine valley glaciers of the size considered here 296 
(e.g. Federici et al., 2017; Scotti et al., 2017). The average ELA (2358 m asl) of the two YD reconstructed 297 
glaciers of the Maritime Alps is a few hundred meters lower than the ELA reported from other Alpine 298 
sectors for this same glacier stadial (Baroni et al., 2017; Scotti et al., 2017). This difference is an order 299 
of magnitude greater than a potential methodologically-related discrepancy, indicating that the 300 
climatic conditions of the Maritime Alps at the YD were peculiar within the context of the Alps. In an 301 
alpine environment, the ELA of a valley glacier is largely controlled by the summer temperature, which 302 
influences glacier ablation; and by solid, typically winter, precipitation, which affects ice accumulation. 303 
The lower YD ELA of the Maritime Alps therefore reflects lower summer temperature and/or higher 304 
solid precipitation, relative to the rest of the Alps. 305 
The climatic reconstruction attempted here shows increased seasonality (6.8°C higher, 306 
relative to present-day measurements) and a considerable drop in temperature at the YD (8.1°C lower 307 
in July and 14.9°C lower in January, relative to present-day measurements), in line with other Alpine 308 
YD palaeoclimate studies (e.g. Lotter et al., 2000; Heiri et al., 2014b).  However, it is the relatively high 309 
YD precipitation, comparable to the present-day precipitation, that makes the YD climate of the 310 
Maritime Alps peculiar within the context of the wider Alps. This is in apparent disagreement with the 311 
paradigm of a widespread arid YD across most of Europe and the Alps (e.g. Heiri et al., 2014a and b; 312 
Magny et al., 2001), including its SW sector (Ortu et al., 2008; Brisset et al., 2015); however, a previous 313 
attempt to reconstruct palaeoprecipitation based on YD glacier ELA has highlighted considerable 314 
variability in the central Alps, including regions where YD precipitation was similar to, and even higher 315 
than, present-day precipitation (Kerschner, 1981; Kerschner et al., 2000; Kerschner & Ivy-Ochs, 2008). 316 
The Maritime Alps YD climate reconstruction is based on at least three aspects that can be 317 
challenged. Firstly, the YD relationship between temperature and precipitation at the ELA may have 318 
been different from today’s. Nonetheless, it is hard to physically justify such a scenario, as the law is 319 
robustly based on current worldwide empirical observations, not specific to an individual site and 320 
considering multi-decadal data (Ohmura and Boettcher, 2018). Secondly, the chironomid-derived YD 321 
TJul might reflect local conditions only, thus questioning its validity for the calculation of temperatures 322 
for a site that is 95 km away and at an elevation almost 2000 m higher. Thirdly, the pollen-derived YD 323 
TJan, although relative to a site located within the Maritime Alps and at an elevation similar to the YD 324 
ELA, might not be reliable since the approach suffers from lack of good analogues, problems with 325 
pollen taxa and complexity of mountain ecosystems (e.g. Ortu et al., 2006). Despite these potential 326 
limitations, it should be noted that a recent study, based on fossil trees from a location ~90 km west 327 
of our site, also indicates non-arid conditions for this region at the onset of the YD (Pauly et al., 2018). 328 
These conditions are interpreted as the effect of more frequent and/or intense precipitations 329 
originating from North Atlantic air masses, combined with more intense winter storms resulting from 330 
the interaction between cold high-latitude and warm Mediterranean air masses, along the margin of 331 
the southward-displaced polar front (Pauly et al., 2018). Such an interpretation fits very well with the 332 
uniqueness of the Maritime Alps YD glaciers within the context of the wider Alpine region, because of 333 
their closer proximity to both the Mediterranean Sea and the Atlantic Ocean. 334 
 335 
5.2 Regional glaciers reconstruction 336 
This paper represents the first attempt at using the GIS GlaRe tool (Pellitero et al., 2016) to model the 337 
extent of all palaeoglaciers belonging to the same stadial in an extensive alpine region, using the ELA 338 
of nearby palaeoglaciers associated with moraines also dated to that stadial. Although the trial-and-339 
error approach (by iteration of the glacier front position) is time-consuming, the reconstruction of 66 340 
glaciers took some weeks against the months it would have probably taken using the classic manual 341 
topographic approach (e.g. Porter et al., 1975; Carr et al., 2010), i.e. without the use of GlaRe. Most 342 
importantly, GlaRe implements a physically-plausible plastic rheology glacier model for the glacier 343 
reconstruction, thus giving further robustness to the results. The application of a regional ELA interval 344 
defined by two dated moraines is questionable, since it is possible that ELA variability exceeded these 345 
boundaries across the 66 glaciers. However, the defined interval allows us to provide a first order 346 
model of the YD expansion and could be useful for further, more detailed studies. 347 
 348 
  349 
 350 
    351 
Figure 4. Examples of identified moraines on Google EarthTM located at the front (ice margin) of the 352 
reconstructed YD glaciers in the Stura catchments. Top left: Ferrere glacier (the approximate coordinates of the 353 
moraine are 44.35°N, 6.95°E); Top right: Laorussa South glacier (44.27°N, 7.03°E); Centre left: Saletta glacier 354 
(44.28°N, 7.03°E); centre right: Pignal glacier (44.25°N, 7.07°E); Bottom left: Maladecia glacier (44.24°N, 7.14°E); 355 
Bottom right: Valletta glacier (44.26°N, 7.21°E). 356 
 357 
In order to test the modelled reconstruction presented here, the location of the 66-glacier 358 
front was checked in Google EarthTM and on an available geology map of the region that include some 359 
surface geology (Malaroda et al., 1970), with the aim to find evidence of a frontal moraine (Table 2). 360 
Twenty-nine percent of the settings have evidence of a moraine (Figure 4), while another 14% include 361 
glacial deposits where the morphology of a moraine could not be determined for sure, possibly an 362 
issue related to the resolution of the available images. In some instances (another ~10% of the cases), 363 
a rock glacier is found in the vicinity of the reconstructed glacier front, possibly incorporating a 364 
potential YD moraine. This is in line with the evidence that the activity of many rock glaciers in the 365 
Alps can be traced back to the end of the YD (Ivy-Ochs et al., 2009; Böhlert et al., 2011b; Moran et al., 366 
2016). The remaining 47% of reconstructed glaciers are characterised by the absence of a moraine or 367 
a rock glacier at their front: in many instances, the resolution of the available imagery is either not 368 
sufficiently high for the task, or the potential frontal moraine area is covered by thick vegetation. In 369 
other, locations are clearly unsuitable for the deposition or preservation of a moraine, because the 370 
valley bottom is particularly steep. If a moraine has not been identified, despite a favourable setting 371 
and good imagery, the deposit might have been eroded by post-glacial events, buried by fluvial or 372 
scree deposition. It is also possible that microclimatic conditions (e.g. those related to aspect) might 373 
have resulted in a slightly longer or shorter glacier than the reconstructed one which is based on a 374 
regional ELA and obtained using a tool, GlaRe, that does not take into consideration valley aspect. In 375 
the future, it would be interesting to improve testing by undertaking extensive field work to verify all 376 
the percentages reported above and by exposure-dating the moraines that will be identified. 377 
However, for the time being, it is encouraging to see that several potential YD moraines are present 378 
in the location identified by our modelled reconstruction (Table 2; Figure 4). This suggests that GlaRe 379 
could be used as a predictive tool for further geomorphological investigations specific to a glacial 380 
stadial for which at least one, ideally some, reliable (i.e. connected to a dated moraine) glacier 381 
reconstructions and ELA calculations are available within a same region. For example, this could be 382 
very helpful to plan fieldwork aimed at reaching other glacier front sites in nearby valleys, where 383 
potential moraines of the same age could be found, sampled and dated. 384 
YD glacier expansion in the Stura catchment sector of the Alps was limited to about 6% of the 385 
total catchment area and confined to the highest altitudes, between 1596 and 2893 m asl. This is a 386 
considerable reduction when compared to the Last Glacial Maximum expansion, when the Stura, like 387 
other nearby major catchments, was occupied by a system of interconnected glaciers covering most 388 
of the catchment and extending downvalley to the mountain front at 700 m asl, i.e. almost reaching 389 
the Po Plain (Federici et al., 2008, 2012, 2017). Our modelled reconstruction indicates that most YD 390 
glaciers extended hundreds of metres up to a few kilometres beyond the cirques. Some neighbouring 391 
valley glaciers were connected, but not extensively enough to justify a description of the Egesen glacial 392 
stadial in the Maritime Alps as an ice field. Almost all Stura valleys were glaciated at the YD, thus 393 
considerably limiting plant/animal/human interaction, migration, communication and trading 394 
between the southern and norther sectors of this Alpine region. The configuration of the YD Stura 395 
glaciers indicates that only one pass across the main Alpine divide was then ice-free, the 396 
Maddalena/Larche (44.42°N, 6.90°E, 1996 m asl). This was most-likely due to its elevation, which is at 397 
least 300 m lower than all other main divide passes along the Stura valleys, associated with a lack of 398 
nearby, high-elevation valleys and peaks that could have sustained a glacier able to reach the pass. 399 
Ice-free Alpine passes are known to have played a crucial role in influencing pastoralism and 400 
transhumance in the Alps during the early Holocene (e.g. Hafner and Schwörer, 2018) and it is likely 401 
that they also played a role in influencing YD human activity, typically hunting and gathering. While 402 
there is only limited information available on early human presence in the Alps, evidence of YD 403 
settlements (campsites) generally linked to seasonal hunting has been recorded from various Alpine 404 
archaeological sites (Mussi and Persani, 2011; Weber et al., 2011), including the Maritime Alps 405 
(Tzortzis et al., 2008). Within this sector of the mountain chain, it is likely that human (and animal) 406 
interaction and migration across the Alpine main divide during the YD were funnelled in the 407 
Maddalena/Larche pass. This represents an ideal site for future palaeoecological, palaeozoological 408 
and archaeological investigations. 409 
 410 
6. Conclusions 411 
• A new Egesen stadial moraine in the Maritime Alps is dated here to 12,950 ± 700  yr (weighted 412 
mean value of three measurements ± weighted standard deviation) by means of cosmogenic 413 
isotope analysis, thus adding further evidence to the link between the Egesen stadial of the 414 
European Alps and the YD cooling event. 415 
• The YD glacier that deposited the moraine is reconstructed and its ELA calculated to 2349 ± 5 416 
m asl. This value is very similar to the ELA (2368 ± 5 m asl) of another palaeoglacier that 417 
deposited a moraine (PDP) dated to the YD, 40 km to the SW. The similarity between the two 418 
ELA suggests that the region experienced similar climatic conditions during the YD. 419 
• The average between the two ELAs (2358 ±15 m asl), combined with palaeotemperature data 420 
provided by independent proxies, is used to establish the Maritime Alps YD annual 421 
precipitation at the ELA, 1549 ±26 mm/yr, based on the empirical law that links temperature 422 
and precipitation at the ELA. Unlike most other Alpine sectors and European regions where 423 
the YD seems to be characterised by aridity, the reconstructed YD precipitation for the 424 
Maritime Alps is similar to present-day precipitation. This peculiarity is most likely related to 425 
the Maritime Alps crossroads position, which allowed the region to intercept cold and humid 426 
air masses from the Atlantic Ocean, pushed south by the displaced polar front, and warm and 427 
humid air masses from the nearby Mediterranean Sea. 428 
• The YD ELA interval defined by the two dated moraines allows to model the extent of all 429 
potential YD glaciers (66) in the Stura catchment. The modelled location of the glaciers’ front 430 
matched well with the position of actual frontal moraine and glacial deposits observed in the 431 
valleys, thus demonstrating that GLARE can be used as a predictive, modelling tool. The 432 
modelled glaciers occupied all valley heads in the catchment with only one notable ice-free 433 
pass across the main Alpine divide, that of the Maddalena/Larche pass. This is an ideal site for 434 
future archaeological, palaeocological and palaeozoological studies with a focus on YD cross-435 
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